2؉ entry is exaggerated in fresh preglomeruGenetic hypertension is likely the result of a constellalar vascular smooth muscle cells of SHR.
exhibit a greater response to V 1 R stimulation, a response mediated at least in part by L-type calcium channels [2] .
In contrast, the mechanism responsible for the exag-from inadequate activation of adenyl cyclase that is due and 0.1% bovine serum albumin (BSA) for 45 to 60 minutes at room temperature in the dark. After washing to inefficient coupling of the dopamine-1, prostaglandin E 2 (PGE 2 ) and PGI 2 receptors to stimulatory G proteins with buffer (pH 7.4), cells were kept on ice either in buffer with 1 mmol/L MgCl 2 (nominally calcium-free) [7, 8] . Prostaglandin E 2 and prostacyclin function normally to antagonize Ang II-induced calcium signaling in or buffer with 1.0 mmol/L MgCl 2 and 1.1 mmol/L CaCl 2 . preglomerular VSMC by attenuating IP 3 -mediated calMeasurement of cytosolic free calcium concentration cium release from the SR [9] .
A number of investigators have examined voltageCytosolic free calcium concentration ([Ca 2ϩ ] i ) was measured as previously described [15, 16] . A very dilute gated L-type channel activity in a variety of non-renal vessels of both young and old adult SHR compared to suspension of VSMC in an open static chamber was examined in a small window of the optical field of a WKY [10] [11] [12] [13] . In general, L-type channel activity appears to be increased in SHR. The only laboratory that X40 oil-immersion fluorescence objective of an inverted microscope (Olympus IX70). VSMC, identified morphohas studied renal resistance arterioles reports that Western blot analysis of L-type Ca 2ϩ channel (a 1c ) protein of logically by their spindle or crescent shape, have been shown previously to stain with smooth muscle specific dissociated VSMC appeared to be similar in 30-weekold SHR and WKY [14] .
alpha-actin and heavy chain myosin SM-1 and SM-2 [17] . Care was taken to focus and record from only one or We have recently shown that calcium entry in VSMC of preglomerular resistance vessels of normotensive rats two VSMC. The VSMC were excited alternately with light of 340 and 380 nm wavelengths from a dual-excitais mediated by both voltage-gated L-type channels and store-operated calcium entry channels (SOC) [15] . As tion wavelength Delta-Scan equipped with dual monochronometers and a chopper [Photon Technology Interwell, we found that these VSMC have ryanodine sensitive receptors (RyR) and that depletion of the SR by national (PTI), Lawrenceville, NJ, USA]. The calibration of [Ca 2ϩ ] i was based on the signal ratio at 340/380 nm stimulating the RyR can activate SOC [15] .
The aim of the present investigation was to examine and known concentrations of calcium [15, 16, 18] . For Mn 2ϩ quenching experiments, the fluorescence signal was calcium entry through SOC channels induced by three different mechanisms for depleting SR calcium stores, quantified at 360 nm to document that Mn 2ϩ indeed quenched the fura/Ca 2ϩ signal [19] . namely IP 3 receptor activation with AVP, inhibition of SR calcium ATP-ase with cyclopiazonic acid (CPA) and Ratiometric tracings of response to V 1 R generally demonstrated a square wave configuration characterized stimulation of the RyR with ryanodine in renal arteriolar VSMC freshly isolated from young SHR and WKY. As by an immediate step increase, although in some cases an initial peak was observed, the latter tending to occur well, we sought a strain difference in voltage-gated L-channel activity in VSMC of preglomerular arterioles.
when the ambient temperature was Ͼ26ЊC. Such responses are not unique to our laboratory. Variations in temperature and concentrations of agonists employed METHODS may account for some of the differences observed. PreviPreparation of preglomerular resistance vessels ous work on the effects of temperature on calcium mobilization, reuptake and entry have shown that IP 3 -induced The magnetized polystyrene microsphere-sieving technique previously described by our laboratory [15, 16] release of intracellular Ca 2ϩ is relatively temperature insensitive but that the overall rate of the processes for was employed to isolate preglomerular vessels (Ͻ50 m in diameter) from 5-to 6-week-old WKY and SHR mainremoval of [Ca 2ϩ ] i are significantly reduced at 27ЊC, leading to a square, rather than peak/plateau morphology of tained in our Chapel Hill colony. The vessels were treated with collagenase (Sigma, type 1-A) for 15 to 30 the response [20] . Nonetheless, square wave responses at 35 to 38ЊC to norepinephrine [21, 22] and angiotensin minutes at 34ЊC. Following collagenase treatment and washing, the suspension was triturated to disrupt the [23, 24] have been reported for VSMC or intact vessels by a number of laboratories. Both ryanodine and CPA vascular wall of the small vessels. Light microscopic examination of an aliquot of the suspension confirmed the however, typically produced a waveform that did not have a peak/plateau configuration. When the recording presence of single VSMCs, an occasional glomerulus and intact larger arteries. The concentration of collagenase period is short (Ͻ1 min), the response showed a square or ascending shape. (0.005 to 0.01%) and time of incubation were adjusted for each batch collagenase on a weekly basis to ensure Protocol that vessels larger than interlobular arteries were not digested. A third magnet step removed undigested vesUnless stated otherwise, VSMCs were prepared in nominally calcium-free buffers ([Ca 2ϩ ] ϳ200 nmol/L), sels and any remaining glomeruli leaving free vascular smooth muscle cells in the suspension. Vascular smooth whereas the buffer containing egtazic acid (EGTA), which was added immediately prior to examination of a muscle cells were loaded with 2 to 3 mol/L fura-2-AM VSMC, contained Ͻ20 nmol/L Ca 2ϩ . Because reagents were added sequentially, the concentrations of the added solutions were adjusted to achieve the desired final concentration in the new volume. Experiments were performed at a temperature of 25 to 27ЊC to help minimize fura-2 leakage from cells. To assure that leakage of fura-2 from the VSMCs into the supernatant did not occur, two controls were performed. External calcium (ϳ1 mmol/L) was added to VSMCs to show that baseline [Ca 2ϩ ] i did not change; then, an agonist was added to demonstrate that the cell was indeed viable. As well, experiments in which Mn 2ϩ was added to the cell suspension in the absence of agonist showed no significant fall in baseline [Ca 2ϩ ] I , which would be predicted if appreciable free fura-2 were present in the suspension (Fig. 3) [16] . in preglomerular VSMC were examined in more detail.
L-type voltage gated Ca 2ϩ entry. Our previous study Statistics
showed that L-type channel activity accounts for approxThe data are presented as means Ϯ SEM. Each data imately 50% of agonist-induced calcium entry in fresh set is derived from VSMC originating from at least three VSMC derived from preglomerular resistance vessels separate experimental days, two to three rats (4 to 6 when stimulated with Ang II or AVP [15] . Thus, we kidneys) per day or a minimum of six to nine rats per studied the effect of the L-channel blocker nifedipine study set. Individual cells were studied only once and (3 ϫ 10 Ϫ7 mol/L) on AVP stimulated calcium entry. then discarded. Paired data sets were tested with the Figure 2 shows typical responses of SHR preglomerular Student paired t test. Multiple comparisons were ana-VSMC to V 1 R (10 Ϫ7 mol/L) stimulation when nifedipine lyzed using one-way analysis of variance (ANOVA) for is given either before or after the peptide agonist. Qualirepeated measures followed by Student-Neuman-Kuels tatively, responses in WKY were not different. Baseline post hoc test. P Ͻ 0.05 was considered statistically sig- greater in VSMC of SHR, the percent inhibition by Ca-free medium containing EGTA (0.5 mmol/L) and nifedipine (3 ϫ 10 Ϫ7 mol/L). V 1 receptor agonist was added to stimulate Ca 2ϩ mobilization from the SR and of Mn 2ϩ to unstimulated cells or supernatant change resting [Ca 2ϩ ] i values [16] . Figure 3A shows that baseline then exogenous calcium (ϳ1 mmol/L) was added to the medium to permit calcium entry through non voltage- Figure 3B . These studies establish that V 1 R activation stimulated greater mobilization of Ca 2ϩ from the SR in preglomerular VSMC of SHR compared to WKY. Moreover, SOC was significantly exaggerated in SHR.
Because activation of SOC appears to depend upon generic depletion of SR stores of calcium, we could not ascertain the extent to which V 1 R-induced exaggerated SOC activity in SHR was dependent on IP 3 generation, IP 3 receptor activity, or other steps in mobilization. To gain further insight into mechanisms capable of activating SOC, we tested whether SOC could be activated by SR depletion of calcium by non-IP 3 related mechanisms. In this regard, ryanodine receptors (RyR) are present in preglomerular resistance vessels and their stimulation is known to activate SOC [15] . To provide further support for exaggerated SOC channel activity in renal VSMC of young SHR, additional experiments were conducted Figure 4A . As well, experiments were performed in the SR (P Ͻ 0.01 for ryanodine compared to baseline which Gd 3ϩ was added to inhibit SOC. Figure 4B illusfor both), but there was no strain difference in response trates the response of a preglomerular VSMC from WKY (22 vs. 28 nmol/L, P Ͼ 0.1). However, subsequent addiin calcium containing buffer to ryanodine followed by tion of external calcium revealed exaggerated calcium addition of Gd 3ϩ . entry via SOC in SHR. The increase in [Ca 2ϩ ] i after To further document that ryanodine-induced depleryanodine receptor (RyR) stimulation in WKY was 61 Ϯ tion of calcium stores from the SR stimulates SOC and 6 nmol/L and in SHR, 152 Ϯ 7 nmol/L (P Ͻ 0.001). As that SOC is exaggerated in SHR, the reagent 2-aminowith the V 1 R experiments, Mn 2ϩ quenching was perethoxydiphenyl borane (2-APB) was utilized. 2-APB has formed in each experiment. Representative tracings of the response in a VSMC of SHR and WKY to sequential been used to inhibit the IP 3 receptor in several experi-in both strains are provided in Figure 5B . N ϭ 12) . The absolute increase in [Ca 2ϩ ] i of VSMC to ryanodine was greater in SHR than WKY (P Ͻ 0.02). The stimulation was almost completely reversed by 2-APB, suggesting that the late sustained phase of Ca 2ϩ entry is mediated largely, if not exclusively, by SOC. When VSMC were pretreated with 2-APB to block SOC, the calcium response to ryanodine likely represented calcium mobilization. In WKY, ryanodine stimulated [Ca 2ϩ ] i by 25 Ϯ 3 nmol/L (N ϭ 8) in the presence of 2-APB compared to 32 Ϯ 3 nmol/L in SHR (N ϭ 7) . The 28% greater response in SHR was not statistically significant (P Ͼ 0.3). Thus, these data do not provide convincing evidence for greater ryanodine-induced release of Ca 2ϩ from SR stores in SHR. The degree of ryanodine stimulation of mobilization in SHR and WKY is essentially identical to that obtained in calcium-free (EGTA) buffer [16] . These observations demonstrate that blockade of SOC by 2-APB mimics the conditions of calcium-free external medium that preclude calcium entry.
Inhibition of the SR Ca 2ϩ -ATPase with either CPA or thapsigargin (TG) depletes SR Ca 2ϩ stores by preventing showing inhibition of SR Ca 2ϩ -ATPase by CPA, entry of calcium when calcium is added to the external medium, and quenching of the fura/Ca 2ϩ signal with Mn 2ϩ . mental models [26] [27] [28] and more recent studies show For this series of experiments, baseline [Ca 2ϩ ] i in calthat 2-APB can block SOC independently of IP 3 [29] [30] [31] .
cium-free (EGTA) buffer containing nifedipine was 80 Ϯ Thus, we examined the effect of 2-APB (50 to 75 mol/L) 6 in SHR (N ϭ 17) and 69 Ϯ 6 nmol/L in WKY (N ϭ on SOC activity before or after stimulation of VSMC 19) (P Ͼ 0.2). Following the addition of CPA, [Ca 2ϩ ] i with ryanodine (3 mol/L). Because IP 3 is not involved rose by 44 Ϯ 9 nmol/L in SHR and by 32 Ϯ 3 nmol/L in the mobilization of calcium from the SR after stimulain WKY, suggesting that there was no marked difference tion of the RyR with ryanodine, the action of 2-APB is in response to CPA between the two strains. In contrast, limited to its action on calcium entry via SOC channels.
when Ca 2ϩ was added to the bathing buffer in the presThe representative experiment in Figure 5A demon [36] . Precisely how depletion of intracelluresistance, reduced glomerular filtration rate and a lar calcium stores activates a SOC channel is uncertain greater retention of salt and water compared to age- [37] . We have previously demonstrated the functional matched WKY [1] . Because preglomerular arterioles are presence of SOC in preglomerular VSMC in response important regulators of renal vascular resistance and gloto SR Ca 2ϩ depletion by stimulation with V 1 R, Ang II or merular capillary pressure, these vessels are uniquely ryanodine, or with inhibition of the SR Ca 2ϩ -ATPase positioned to produce major effects on systemic blood with CPA or TG [15, 16] . Consistent with our results, pressure through the complex interplay of arterial volother investigators have found only partial inhibition of ume and of neural, hormonal and paracrine factors.
Ang II-stimulated calcium entry by the L-channel blocker Blood vessels of SHR from other vascular beds may or nifedipine in superficial and juxtamedullary afferent armay not share with renal resistance vessels abnormalities terioles [23] . Calcium entry through SOC has been identhat predispose to the development of hypertension.
tified in cultured human mesangial cells [38, 39] and fresh Analyses of the physiologic abnormalities of VSMC obSprague-Dawley rat efferent arterioles [40] . tained from older (more than 12 weeks) SHR may reflect
We have stimulated depletion of SR calcium stores in the consequences of hypertension rather than the pripreglomerular VSMC by three independent mechanisms mary causes. Also, studies with cultured VSMC must be and showed, to our knowledge for the first time, that interpreted with caution because phenotypic changes, calcium entry via SOC is exaggerated in preglomerular which may arise during multiple passages, can confound VSMC of young SHR compared to normotensive WKY results. Endogenous hormones or paracrine agents from controls. One could reason that if SR calcium stores the endothelium can substantially alter pathways of calwere greater in SHR, then any mechanism to empty cium signaling and vascular contraction.
these stores should resulted in greater opening of SOC The aim of the present investigation was to compare channels. Studies performed in large systemic arteries calcium entry and mobilization mechanisms in freshly have suggested that SR calcium stores are increased in prepared preglomerular VSMC derived from 5-to 6-weekadult SHR (9 to 10 and 13 weeks old) [41, 42] . Thus, it is crucial to examine the extent of calcium mobilization old SHR and WKY. We selected the vasopressin-1 recep-induced by IP 3 or ryanodine receptor activation, or by channel independently of an action on IP 3 receptors [29] [30] [31] . Because IP 3 is not involved in ryanodine activaan SR Ca 2ϩ -ATPase inhibitor in calcium-free medium. Our studies of preglomerular VSMC in calcium-free tion of the RyR, 2-APB serves as a very useful tool for selectively blocking the SOC channel, independent of medium with V 1 R show a 66% greater degree of putatively IP 3 -mediated mobilization of SR Ca 2ϩ in SHR ver-IP 3 receptor activity. Since pretreating preglomerular VSMC with 2-APB appears to block SOC, then stimulasus WKY. Given that SHR have a higher density of V 1 receptors [4], this is not an unexpected finding if one tion of the VSMC with ryanodine should represent only SR calcium mobilization. In the presence of 2-APB the assumes that signal transduction is directly proportional to the number of receptors that are stimulated. Thus, it increase in [Ca 2ϩ ] i due to ryanodine stimulation of the RyR was not different in SHR and WKY. Furthermore, is not possible to know if the enhanced SOC in SHR is a consequence of greater emptying of SR calcium stores it was of the same magnitude as that of ryanodineinduced calcium mobilization in calcium-free buffer [16] . or of a greater density or open probability of SOC channels in genetically hypertensive rats. Therefore, we perThese data reconfirm that SR calcium mobilization engendered by stimulation of the RyR is not different in formed studies in which calcium depletion of the SR was not dependent upon V 1 R activation of phospholipase C WKY and SHR, but that calcium entry via SOC is magnified in SHR. and IP 3 mechanisms.
Our prior study found that preglomerular VSMC of Cyclopiazonic acid, by inhibiting the SR Ca 2ϩ -ATPase, depletes SR calcium by preventing refilling, a mechanism WKY have RyR and that stimulation of the RyR with ryanodine or caffeine activates SOC [16] . In the current different from IP 3 or ryanodine stimulation of channel opening and release of calcium into the cytosol. But study, the ryanodine-induced mobilization response of VSMC in calcium-free buffer was not different between independent of the manner of SR calcium depletion, SOC is activated [16] . The current study shows that treat-WKY and SHR. In contrast, when calcium was added to the extracellular medium, calcium entry during blockment of preglomerular VSMC with CPA, when calcium entry is prevented by EGTA and nifedipine containing ade of L-channels was more than doubled in SHR, suggesting that SHR have a greater increase in SOC activity, calcium-free buffer, increases [Ca 2ϩ ] i to the same extent in SHR and WKY. However, when calcium entry indeat least when the contribution of SOC was magnified by prior depletion of SR calcium stores. It appears that the pendent of L-type channels is permitted by adding calcium to the external medium, SOC is more than twofold coupling of SOC to depletion of calcium stores may vary according to the stimulus responsible for calcium greater in SHR. Taken together, our results with ryanodine and CPA mobilization. Our results suggest that the efficacy of such coupling may be greater for RyR than for IP 3 receptor in calcium-free medium and with 2-APB given before or after stimulation with ryanodine are novel in demonactivation.
To further document the finding that SHR have exagstrating that VSMC derived from renal resistance vessels of SHR have greatly increased SOC compared to WKY. gerated SOC activity, we treated preglomerular VSMC in calcium-free buffer with the Ca 2ϩ -ATPase inhibitor Only one other study has sought differences in capacitative calcium entry in SHR and WKY. Cultured thoracic CPA to prevent refilling of SR calcium stores. The average responses in SHR and WKY did not differ, sugaorta VSMC from young rats of both strains showed an enhanced degree of mobilization in response to Ang II gesting that the extent of depletion of SR calcium was similar. ] i remal Ca 2ϩ -ATPase in SHR and WKY could account for our findings. Because 2-APB at concentrations of 75 sponse to ryanodine and to V1R in preglomerular VSMC provides additional evidence that calcium entry occurred mol/L or less and gadolinium have no effect on the plasmalemmal Ca 2ϩ -ATPase to our knowledge, our data via SOC.
To further confirm that SOC activity is exaggerated showing inhibition of SOC with these two agents would not support a role for a strain difference in Ca 2ϩ -ATPase in SHR, we employed the reagent 2-APB. This cell permeant compound has been used to block the IP 3 receptor activity. That SHR and WKY responded identically to CPA suggests that there is not a strain difference in in a variety of cell preparations [26] [27] [28] . More recently, however, 2-APB has been shown to inhibit the SOC sarcolemmal Ca 2ϩ -ATPase activity as well. buffers containing 1 mmol/L Mg 2ϩ were utilized in studies of fresh VSMC of WKY and SHR [15] . As well, REFERENCES studies from our laboratory with isolated afferent arteri- 
